Natural food (NF, control), arti¢cial diets (AD) containing total lipid levels of 10%, 12% and 14% (AD10, AD12 and AD14) and their combinations (AD101NF, AD121NF and AD141NF) were fed for 112 days to pond-sourced eyestalk-ablated mud crab Scylla serrata (625 AE 6.4 g) in tanks in order to determine their e¡ects on reproduction and lipid pro¢les in broodstock tissues and zoeae. Crabs fed NF had the highest number of spawning followed by crabs fed AD101NF and AD141NF. Higher o¡spring production (number of zoeae) was obtained from crabs fed NFand AD1NF than from AD. As dietary total lipid levels increased, total lipid of broodstock ovaries, hepatopancreas, muscle and zoeae correspondingly increased in which AD1NF promoted higher levels than AD. Increased dietary total lipid levels enhanced lipid classes such as triacylglycerols and phosphatidyl choline levels in zoeae, all higher in crabs fed AD1NF than in AD. The major fatty acids in zoeae, particularly 16:0, 18:0, 18:1n-9 and 20:4n-6, 20:5n-3 and 22:6n-3, were higher in crabs fed AD1NF than in AD, the contents corresponding to broodstock dietary total lipid levels. A 10% total lipid in AD in combination with NF was su⁄cient to provide the essential lipids in crabs in the improvement of larval production and quality.
Introduction
Mud crab Scylla serrata (ForsskÔl) has been recognized as an important portunid species for commercial culture. It requires simple culture methods, grows to a large size and commands a high price due to the rising demand for crab meat in both domestic and international markets. Crab culture in the Philippines is an important source of income for small-scale crab farmers in coastal communities.
A major obstacle in further developing mud crab aquaculture is the inadequate supply of seed that is presently collected from the wild. Although spawning of captive crabs has been reported to occur year-round, larval survival still needs to be improved. Arti¢cial propagation techniques for mud crab have been established at the Southeast Asian Fisheries Development Center Aquaculture Department (SEAFDEC AQD) (Quinitio & Parado-Estepa 2003) but information on the nutritional factors that in£uence ovarian maturation, spawning and larval quality on crabs is limited. Hence, studies on the nutritional requirements of crab broodstock aimed to improve reproductive performance and larval quality are necessary.
Lipids and fatty acid composition of crustacean broodstock diets have been identi¢ed as major dietary factors that determine successful reproduction and egg quality (Middleditch, Missler, Ward, McVey, Brown & Lawrence 1979; Middleditch, Missler, Hines, McVey, Brown,Ward & Lawrence1980; Cahu, Fauvel & Aquacop 1986; Millamena 1989; Bray, Lawrence & Lester 1990; Cahu, Guillaume, Stephan & Chim 1994) . Lipids are one of the main sources of metabolic energy and have important functions as cytoplasm and membrane constituents of cells a¡ecting structural and physiological properties. Wild and pondsourced crab S. serrata during ovarian maturation and spawning indicated that the ovaries and newly spawned eggs contain high levels of highly unsaturated fatty acids (HUFA) such as arachidonic acid (ArA, , eicosapentaenoic acid (EPA, and docosahexaenoic acid (DHA, 22:6n-3) (Alava, Quinitio, de Pedro, Orosco, Priolo & Wille 2007) . Moreover, phospholipids particularly phosphatidyl choline (PC) were also accumulated in large amounts in ovaries and newly spawned eggs. Hence, arti¢cial diets (AD) were formulated to incorporate these essential lipids at graded levels alone or in combination with natural food (NF) and fed to adult S. serrata to determine their e¡ects on the reproductive performance and quality of broodstock tissues and newly hatched zoeae in terms of lipid class and fatty acid contents.
Materials and methods

Experimental diets
Dietary treatments consisted of NF (control), AD containing 10%, 12% and 14% total lipids (AD10, AD12, AD14) and combination of AD and NF (AD101NF, AD121NF, AD141NF). In AD, the dietary lipids used were squid oil and soybean lecithin added at a 2:1 ratio (Table 1) . The ¢nely ground feed ingredients were mixed thoroughly, steam-conditioned during extrusion into 10-mm-diameter pellets, air dried and stored in a cold room until use. Mussel meat (Perna viridis), squid (Loligo sp.) and ¢sh biomass (Leiognathus sp.) were given on a daily rotation. The dietary treatments were fed daily for 112 days at 1.0% (dry matter basis) of the crab biomass per day, half in the morning and half in the afternoon. For the combination diet, NF was given in the morning and the dry pellets in the afternoon. The test diets and proximate composition, lipid class and fatty acid contents, are shown in Tables 1^3 respectively.
Animals
Scylla serrata broodstock grown in brackishwater ponds in New Washington, Aklan (Panay Island), and fed with ¢sh biomass and small bivalves Potamocorbula sp. were collected and transported to SEAF-DEC AQD, Tigbauan, Iloilo, Philippines. The female crabs (625 AE 6.4 g body weight) in the intermolt stage with early maturing ovary (yellow colour) were disinfected, unilaterally eyestalk-ablated, tagged and stocked in the seven circular concrete 12-m 3 tanks.
The colour of the gonad was seen by depressing the ¢rst abdominal segment below the carapace. Each tank was divided into two compartments where ¢ve crabs were stocked per compartment. Tagging, disinfection and maintenance of broodstock in maturation tanks were carried out following Millamena and Quinitio (2000) . The crabs fed AD alone were gradually weaned to the test diets for 10 days. Feeding, moulting, mortality and presence of females with spawned eggs attached to the pleopods (berried) were monitored daily. Berried females were transferred to 300^500-L circular ¢bre glass tanks for egg incubation and hatching. Newly hatched zoeae were collected and rinsed thoroughly for lipid analysis.
Total lipid, lipid class and fatty acid analyses
Natural food and arti¢cial feeds were analysed for proximate composition according to standard methods (AOAC 1984) . After 112 days, ovaries, hepatopancreas and muscle of crabs were dissected. These tissues and the newly hatched zoeae were extracted for total lipids following the method of Folch, Lees Thereafter, a full scan was performed in nine replicates per sample. The preparation of fatty acid methyl esters from the total lipids was carried out by using acetylchloride/methanol mixture (1:20 v/v) as esteri¢cation agent (Lepage & Roy 1984) and the fatty acid compositions were then determined by using Chrompack CP9001 gas chromatograph (Chrompack, Maccles¢eld, UK), equipped with a polar 50 m capillary column, BPX70 (50 m Â 0.32 mm ID, 0.25 mm layer thickness; SGE Analytical Science, Ringwood, Victoria, Australia), with hydrogen FID and using helium as carrier. Integration and calculations were carried out on a computer with a software program Maestro (Chrompack).
Lipid classes and fatty acids were identi¢ed using authentic standard reference mixtures (Nu-ChekPrep., Elysian, MN, USA), and results were presented as mg g À1 dry weight (DW).
Statistical analyses
The total lipids, lipid classes and fatty acids of broodstock tissues and zoeae from di¡erent dietary treatments were compared using analysis of variance followed by Duncan's multiple range test to determine signi¢cant di¡erences among treatment means at Po0.05 (Gomez & Gomez 1984) .
Results
The duration from ablation to spawning (32^56 days) and embryonic development (10^14 days) did not vary signi¢cantly (P40.05) among treatments. However, crabs fed NF alone or in combination with AD had signi¢cantly (Po0.05) higher number of zoeae than those fed AD alone (Table 4 ). The total lipid contents of crab zoeae were higher in AD1NF than in AD and these increased as broodstock dietary lipid level increased (Table 5 ). Total lipid level of zoeae in the control was close to that of AD101NF. Likewise, the total lipid contents of ovaries, hepatopancreas and muscle of crabs increased with dietary lipid levels and these were higher in crabs fed AD1NF than in AD alone (Tables 5 and 6 ). Hepatopancreatic lipids were higher than ovarian lipids while those of muscles were lowest.
Total NL and PL contents of zoeae improved with increased maternal dietary lipid levels (Table 5) . Re£ecting the broodstock diets, the total NL of zoeae was more than their total PL. Zoeal triacylglycerols (TAG), free fatty acids (FFA), cholesterol1diacylglycer-ol (CHO1DAG), PC and phosphatidyl ethanolamine1 phosphatidic acid (PE1PA) improved with maternal dietary lipid levels, in which AD1NF-fed crabs were higher than in crabs fed AD alone. In ovaries, NL was also higher than PL (Table 5) . Dietary lipid levels increased the ovarian TAG, FFA and CHO esters in crabs fed AD as well as CHO1DAG in crabs fed AD1NF. The ovarian phospholipids PC, PE1PA and sphingomyelin increased corresponding to dietary levels in which crabs fed AD1NF had higher levels than those fed AD alone. In hepatopancreas, NL was several times higher than PL of which the main components were TAG, FFA and CHO1DAG. These components increased with dietary levels (Table 6 ). In muscles, PL was higher than NL and this was mainly composed of PC that increased correspondingly with dietary lipids. Crabs fed AD1NF gave higher levels than crabs fed AD alone (Table 6) . Fatty acid composition and the HUFA concentrations in zoeae of S. serrata were signi¢cantly in£u-enced by broodstock diets. The major fatty acid contents particularly 16:0, 18:0 and 18:1n-9, and the essential fatty acids ArA, EPA and DHA, were higher in zoeae of crabs fed AD1NF than those fed AD only and these fatty acids increased corresponding to broodstock dietary lipid levels (Table 7) . Arachidonic acid, EPA and DHA in zoeae from crabs fed AD1NF were higher than those of zoeae from crabs fed AD alone. The n-3/n-6 fatty acid ratios in zoeae from NF alone (control), AD and AD1NF were 2.5, 2.3^1.9 and 2.2^2.5 respectively. Dominant fatty acids in the ovaries were 16:0, 16:1n-7, 18:0, 18:1n-9, 18:1n-7, ArA, EPA and DHA that increased with dietary lipids, higher levels in AD1NF than in AD alone (Table 7) . The n-3/n-6 fatty acid ratios in NF was 2.4, in AD were 1.5^1.7 while in AD1NF were 1.5^2.0. The n-3 HUFA in hepatopancreas also increased with increasing dietary lipids, AD1NF gave higher values than AD alone, with n-3/n-6 fatty acid ratios in AD1NF (1.2^1.7) higher than AD alone (0.9^1.0) (Table 8). The n-3 HUFA in muscles increased with dietary lipids of which the n-3/n-6 fatty acid ratios from NF was 2.2, from AD were 1.8^2.2 while for AD1NF were 2.4^3.0 (Table 8) .
Discussion
Broodstock nutrition had a considerable e¡ect on the larval production and quality of S. serrata. Natural food alone or in combination with AD promoted higher larval production than AD alone. Larval quality of S. serrata in terms of total lipids, lipid classes and essential fatty acid contents improved by feeding Aquaculture Research, 2007 broodstock crabs with NF in combination with AD. In a separate study using the same batch of newly hatched zoeae, larval quality was evaluated based on their tolerance to formalin exposure at 0^15 ppm for 24, 48 and 72 h. Survival was higher in larvae from broodstock fed AD1NF followed by NF and the lowest was from AD (J. de Pedro, unpubl. data). For sub-adult S. serrata, AD containing 32^40% dietary protein, 6% or 12% lipid, 15^18 MJ kg À1 energy and 20^28 mg protein kJ À1 P/E ratio were found to enhance good growth (Catacutan 2002) . The dietary CHO requirement of juvenile mud crab was about 0.51% (Sheen 2000) while the dietary lipid requirement was 5.3^13.8% (cod liver oil/corn oil, 2:1w/w) (Sheen & Wu 1999) . For S. serrata broodstock, NF alone and NF in combination with AD containing 42% protein and 10^14% lipid were found to enhance zoeae production in this study. This dietary lipid level was close or higher than that reported to maximize reproduction of Penaeus stylirostris (10.31 1.1%) fed 60% AD and 40% multiple fresh supplement (Bray et al.1990 ).
Eyestalk ablation is commonly used to increase spawning frequency and to hasten the development of gonads in decapod crustaceans. Scylla serrata matures in captivity even without eyestalk ablation, but ablated females fed AD alone performed better than their intact counterparts (Millamena & Quinitio 2000) . However, strict hygiene protocol is needed when using AD alone because several problems such as higher number of melanized ovaries and brown patches on exoskeleton may be encountered (E.T. Quinitio, unpubl. data). Although it is possible to mature and spawn crab females fed either NF or AD alone, provision of essential lipid components in AD in combination with NF improved the production of better-quality zoeae that contained higher metabolic energy, phospholipids, essential fatty acids and other lipid materials required for survival and larval development before exogenous feeding. As documented in other crustaceans, a combination diet can provide the essential nutrients that are de¢cient in NF or vice versa to meet maternal requirements and for the production of viable larvae (Galgani, Goguenheim, Galgani & Cuzon 1989; Millamena 1989; Nascimento, Bray, Leung Trujillo & Lawrence 1991; Millamena & Quinitio 2000) . One indication of the dietary lipid requirement of an animal can be derived from its tissue composition. Mature S. serrata ovaries have been shown to contain a large total lipid component, 33.8% DW for wild and 45.0% DW for pond-sourced crabs (Alava et al. 2007 ). These were higher than those obtained from the present study in which the ovarian total lipid contents of NF (control), AD and AD1NF were 31.2%, 22.62 9.2% and 25.5^35.2% DW respectively (Table 5) . Moreover, the hepatopancreas of mature S. serrata contained high total lipids, 43.0% DW for wild and 44.3% DW for pond-reared crabs (Alava et al. 2007) . Total lipids were high in the hepatopancreas from all the dietary treatments, 35.4^39.1% DW. Total lipids in crab muscle ranged from 2.8% to 4.5% DW (Table 6 ) and these were either lower or close to those of muscle TL of wild (4.8%) and pond-reared (4.3% DW) mature crabs (Alava et al. 2007) . These data indicate that S. serrata has a high capacity for tissue lipid deposition. The tissue lipid composition of this species was in£uenced by dietary lipid as reported for penaeid spawners (Cahu & Quazuguel 1989; Cahu et al.1994) .
The total lipid level in newly hatched zoeae from crabs fed control diet was 14.3%, zoeae from broodstock fed AD10, AD12 and AD14 were 9.4%, 15.2% and 20.1% and zoeae from AD101NF, AD121NF and AD141NF were14.6%,16.2% and 24.7% DW (Table 5). These levels were higher than those of the newly hatched zoeae (8.89% DW) from pond-reared crabs that were fed ¢sh biomass and small bivalves (V. R. Alava, unpubl. data). Phospholipids, particularly PC, accumulated in large amounts in the ovaries and were mobilized to the newly spawned eggs of S. serrata (Alava et al. 2007) . Except for AD10 diet, the phospholipid levels in the newly hatched zoeae (Table  6) were close or even higher than those in zoeae from pond-reared mature crabs (5.7% DW) (V. R. Alava, unpubl. data). These results indicated that the dietary treatments provided su⁄cient lipid reserves essential for metabolic activity during embryonic development until the ¢rst-feeding larvae. Phospholipids are required for reproduction of P. vannamei (Cahu et al. 1994) and in ovarian maturation of P. japonicus (Alava, Kanazawa, Teshima & Koshio 1993) as well as for growth of crustaceans (Conklin, D'Abramo, Bordner & Baum 1980; D' Abramo, Bordner, Baum & Conklin 1981; Kanazawa 1981; Teshima, Kanazawa & Kakuta 1986; Baum, Conklin & Chang 1990) . Fatty acid composition and the HUFA concentration in zoeae of S. serrata can be signi¢cantly in£u-enced by broodstock diets. The quality of penaeid eggs is usually correlated with their n-3 HUFA content (Middleditch et al. 1979 (Middleditch et al. , 1980 Cahu et al. 1986 Cahu et al. , 1994 . In this study, n-3 HUFA in zoeae from broodstock fed NF was 2.6%, from AD was 2.3^3.9% and from AD1NF was 3.0^6.3% DW (Table 7) , higher than those of zoeae from pond-sourced broodstock (2.5% DW) (V. R. Alava, unpubl. data). Whatever the dietary treatment, DHA level in zoeae was maintained higher than EPA, suggesting that DHA is particularly required in the embryonic development of crab as it is in shrimp (Cahu et al. 1994 ) ¢sh (Watanabe, Izquierdo, Takeuchi, Satoh & Kitajima 1989 . The dietary essential fatty acid requirement for crab reproduction appeared higher than the requirement for growth of juvenile crustaceans, which is generally not more than 1.0% (Kanazawa, Teshima & Endo 1979; Kanazawa, Teshima & Sakamoto 1985; D' Abramo 1997) .
In the present experimental conditions, NF alone or in combination with AD promoted higher larval production of S. serrata than AD alone. Lipid classes and essential fatty acid contents of newly hatched zoeae improved by feeding broodstock crabs with NF in combination with AD containing total lipid levels from 10% to 14%. Cost wise, a 10% total lipid in AD together with NF appeared su⁄cient to provide the essential lipid nutrients to crab broodstock that improved larval production and quality.
